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Abstract
Background: Robotic laparoscopic surgery has been shown to decrease task completion
time, reduce errors, and decrease training time when compared to manual laparoscopic
surgery. However, current literature has not addressed physiological effects, in particular
muscle responses, to training with a robotic surgical system. We seek to determine the
frequency response of electromyographic (EMG) signals of specific arm and hand
muscles with training using the da Vinci Surgical System (dVSS).
Methods: Seven right-handed medical students were trained in three tasks with da Vinci
Surgical System over four weeks. These subjects, along with eight controls, were tested
before and after training. Electromyographic (EMG) signals were collected from four arm
and hand muscles during the testing sessions and the median EMG frequency and
bandwidth were computed.
Results: The median frequency and frequency bandwidth both increased after training for
two of the three tasks.
Conclusion: The results suggested that training reduces muscle fatigue as a result of
faster and more deliberate movements. These changes occurred predominantly in muscles
that were the dominant muscles for each task, whereas the more demanding task recruited
more diverse motor units. An evaluation of the physiological demands of robotic
laparoscopic surgery using electromyography can provide us with a meaningful
quantitative way to examine performance and skill acquisition.
Keywords: da Vinci, laparoscopy, electromyography, training, frequency analysis,
robotic surgery

Introduction
Laparoscopy, a form of minimally invasive surgery, has revolutionized the
treatment of abdominal pathologies. The benefits for patients include shorter recovery
time with less pain [23], fewer adhesions [10], and better post-operative quality of life
[14] than traditional open procedures. However, manual laparoscopy has also revealed
several limitations during operation. These limitations include lack of depth perception,
poor camera control, limited degrees of freedom of the instrument tips, and inverted
hand-instrument movements [2, 3, 15]. Furthermore, these limitations lead to unnatural
and painful surgical postures that result in fatigue for the surgeons [2, 3, 15].
The advent of robotic surgical systems, such as the da Vinci Surgical System
(dVSS, Intuitive Surgical, Inc., Mountain View, CA), have overcome some of the
limitations of manual laparoscopy. The addition of three-dimensional visualization has
provided depth perception [6] and increased dexterity [16, 17]. The wrist-like
articulations of the instruments have also been shown to improve surgeons’ dexterity
[16]. The coordinated hand-instrument movements reduced the training time using
robotic systems versus manual laparoscopy [5]. In addition, tremor abolition and motion
scaling have been shown to enhance dexterity when using robotic systems as compared to
manual techniques [16].
Studies comparing robotic surgical systems to manual laparoscopy have examined
the effectiveness of robotic procedures. Researchers have found that when using robotic
systems, surgeons improved dexterity [16] and residents can be trained quicker [5, 7,
12]. In addition, there are fewer errors and the time taken for task completion is reduced
[11, 13, 16, 20, 22]. However, the current means of evaluating surgical performance and

skill acquisition during training are limited in measuring only task completion time and
number of errors occurred [11, 13, 16, 20, 22] or a subjective evaluation by an expert.
To our knowledge, no studies have examined physiological measures of the
surgeons during performance of robotic surgical techniques. In manual laparoscopy,
physiological evaluations have been mainly limited to ergonomic measures [2, 3, 15].
These studies have found increased stress and fatigue associated with manual
laparoscopy due to the surgeons’ postures. Additionally, Quick et al. investigated
electromyography during manual laparoscopy and found that both task and type of
grasper used contributed to muscle fatigue [21]. Such an analysis has not been conducted
yet for robotic surgery.
Thus, it is unknown if robotic surgery leads to increased fatigue. Most
importantly, it is unknown if training has an effect on fatigue. Electromyography can
assist in the evaluation of physiological muscular fatigue [1]. Specifically, frequency
analysis of the electromyographic signals from the muscles involved has proven an
effective method of measuring muscle fatigue and motor unit recruitment during static
force exertion [1]. Specifically, increased muscle fatigue is associated with a decreased
median frequency of the power spectrum [1, 4]. In addition, increases in the frequency
bandwidth of the power spectrum imply additional recruitment of motor units with
varying conduction velocities [8, 9].
More recently, it has been shown that frequency analysis can also be applied to
cyclic dynamic tasks to evaluate muscular fatigue [4]. Hypothetically, training should
decrease muscular exertion (i.e. decreased median frequency) during surgery and thus,

improve the ability of a surgeon to operate. Therefore, this study seeks to determine how
muscle responses change during training with dVSS.

Methods and Materials
Subjects
For this study, 15 novice dVSS users consisting of first and second year medical
students (eleven males and four females, 25.3 ± 2.6 years old) at the University of
Nebraska Medical Center (UNMC) were recruited. All participants were right-handed.
Informed consent was obtained from each subject prior to participation in accordance
with the Institution Review Board of UNMC.
Tasks
Subjects performed and/or practiced three tasks throughout this study: bimanual
carrying (BC), needle passing (NP), and suture tying (ST). The bimanual carrying tasks
required simultaneously picking up two 15 x 2 mm rubber pieces (one each with left and
right graspers) from 30 mm (diameter) metal caps and place them in two other metal caps
50 mm away (Figure 1A). The caps were arrange in a square configuration such that the
left graspers removed pieces from top left cap and placed them in the bottom left cap.
The right grasper removed pieces from the bottom right cap and placed them in the top
left cap. The subject repeated the movement six times in succession. The needle passing
task required passing a 26 mm surgical needle through six holes in a latex tube (Figure
1B). The subjects started from the proximal holes and proceeded in order to the distal.
The suture tying task required passing a 150 mm x 0.5mm surgical suture through one of
the holes in the latex tube and tying three knots using the intracorporeal knot (Figure 1C).

All three tasks were cyclic tasks designed to mimic actual laparoscopic tasks that
required significant bimanual coordination.
INSERT FIGURE 1 ABOUT HERE
Experimental Protocol
Before performing the experiment, the subjects were randomly assigned to one of
two groups: training (seven subjects) or control (eight subjects) group. The experiment
was performed over a period of four weeks and consisted of one pre-training test (PRE),
six training sessions, and one post-training test (POST). The control subjects did not
perform the six training sessions.
Pre-training test: During the first week, subjects performed one pre-training test.
At the beginning of the test, subjects were given a verbal explanation of each task and
allowed to practice the three tasks for five minutes at their own pace. During the
practice, the subject could ask questions and receive further explanation and/or
suggestions from the investigators. After the practice, subjects performed one trial for
each task while electromyographic signals were recorded.
Training sessions: Within three days after the pre-training test, the subject started
the training sessions. Training sessions were scheduled on a per subject basis. Each
training session lasted no more than 45 minutes and each task was practiced three to four
times. During practice, subjects were allowed to ask questions and receive verbal
explanation and/or suggestions from the investigators. At the end of the session, subjects
performed one trial for each task while electromyographic signals were recorded.

Post-training test: During the last week and within three days after the sixth
training session, a post-training test was performed with the same procedures as the pretraining session.
Electromyography
The electromyography data were collected using DelSys Bagnoli (Delsys, Inc.,
Boston, MA, USA) surface electromyography (EMG) and sampled at 1,000 Hz through
the PEAK Motus (Peak Performance Technologies, Englewood, CO) data acquisition
system. Surface electrodes were placed over the bellies of the following four muscles as
described by Basmajian and Deluca [1]: flexor carpi radialis (FCR), extensor digitorum
(ED), biceps brachii (BB), and triceps brachii (TB). We chose the FCR as a primary wrist
flexor muscle, the ED as a primary wrist extensor muscle, the BB as a primary elbow
flexor muscle, and the TB as a primary elbow extensor muscle, all of which are
superficial and can be monitored by a surface electromyography (EMG) system.
Although many other types of movements (e.g., flexion and extension of thumb and
index and middle fingers, forearm pronation and supination), and thus, many other
muscles are involved, we assumed that the contribution of these four muscles in the three
tasks are considerably high, and therefore, measuring the EMG activities of these muscles
are important for the purpose of this study.
Data Analysis
Frequency power spectrums of each muscle signals during each task were
calculated using Fast Fourier Transforms. The median frequency and bandwidth were
calculated to measure the frequency response of each muscle during all three tasks for the
PRE and POST conditions. Median frequency was calculated as:
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where fmed is the median frequency, fmax is the maximum frequency of the power
spectrum (500 Hz), and P(f) is the power at a frequency f (Figure 2).
Bandwidth was calculated by determining the difference between the minimum
and maximum frequency when the power exceeds one half of the maximum power of the
frequency spectrum (Figure 2). All data were processed in MATLAB (The MathWorks,
Inc., Concord, MA).
INSERT FIGURE 2 ABOUT HERE
Statistical Analysis
A mixed two-factor (group by condition) analysis of variance with repeated
measures on the condition factor was used to compare the group means of the median
frequency and bandwidth for each muscle and for each task. All statistical analysis was
performed in SPSS 12.0 (SPSS, Chicago, IL, USA).
Results
Bimanual carrying: Significantly larger median frequencies were found posttraining for the flexor carpi radialis (p=0.046), extensor digitorum (p=0.033), triceps
brachii (p=0.030) muscles for both groups (control and training; Figure 3 left). The flexor
carpi radialis had a median frequency for the PRE and POST-training of 136.6±7.3 Hz
(mean ± SD) and 151.8±7.3 Hz, respectively. The extensor digitorum had a median
frequency for the PRE and POST-training of 89.6±5.2 Hz and 96.1±5.2 Hz, respectively.
The triceps brachii had a median frequency for the PRE and POST-training of 88.4±4.5
Hz and 98.7±4.5 Hz, respectively. No significant differences were found in median

frequency between the two groups. No significant differences were found for the
frequency bandwidth.
INSERT FIGURE 3 ABOUT HERE
Needle passing: No significant differences were found for median frequency
across the two conditions for the two groups. A significant increase in frequency
bandwidth was found after training for the extensor digitorum muscle (PRE=79.9±10.7
Hz, POST= 104.0±10.7 Hz, p=0.017) in both groups (Figure 4 left). No significant
differences were found between the two groups.
Suture Tying: A significant increase in median frequency was found post-training
for the flexor carpi radialis (PRE=135.3±6.3 Hz, POST=149.6±6.3 Hz, p=0.021) muscle
for both groups (Figure 3 right). A significant increase in frequency bandwidth was also
found post-training for the flexor carpi radialis (PRE=119.6±14.0 Hz, POST=150.9±14.0
Hz, p=0.023) muscle for both groups (Figure 4 right). No significant main effects
(PRE/POST or group) were found for the frequency bandwidth; however, a significant
interaction effect was found for biceps brachii (p=0.015; Figure 5). For the control
group, the bandwidth was found to be 84.7±15.0 Hz and 53.4±15.0 Hz for PRE and
POST-training, respectively. For the training group, the bandwidth was found to be
48.3±16.1 Hz and 92.3±16.1 Hz for PRE and POST-training, respectively. This result
indicated a differential response between the two groups for this task and for this muscle.
INSERT FIGURES 4 AND 5 ABOUT HERE
Discussion
Previous research has shown that robotic laparoscopic surgery is beneficial for
both the patient and the surgeon. Patients recover faster with less pain [10, 14, 23] and

surgeons are able to perform tasks faster [11, 13, 17-20, 22] and be trained easier [5, 7,
12] than manual laparoscopy. However, the physiological impacts of robotic surgery are
not clearly understood.
In the current study, training with the dVSS generally increased the median
frequency of the EMG power spectrum when performing bimanual tasks. This frequency
shift has two likely causes. According to the available literature [11, 13, 17-20, 22],
training results in shorter task completion times. Therefore, each movement within a task
occurred at a higher frequency, allowing completion of the task in a shorter time. These
faster movements resulted in muscle bursts occurring at a higher frequency. In addition, a
decrease in median frequency has been shown to be associated with muscle fatigue
during sustained contraction (for review, see [1]). Training may increase efficiency when
performing a task thereby, reducing muscle fatigue. One or both of these factors resulted
in the frequency shift.
Findings also showed that this frequency shift occurred independently of the
subject’s group (control or training). A possible explanation of this result is that the
control group also had some training effects. Our previous pilot work has shown that
decreases in task completion time are possible even after one training session. Thus, it is
not surprising that the control group would also perform the tasks faster in just their
second session (post-training). Because EMG was not collected during the training
sessions, this cannot be confirmed.
The frequency content of electromyograms is also directly related to the
conduction velocities of recruited motor units [9]. It is well known that Type I and Type
II muscle fibers have different conduction velocities [8]. Therefore, it can be inferred that

a larger frequency bandwidth is indicative of a larger range of recruited motor units with
different conduction velocities, i.e., different muscle fibers. We found that the EMG
bandwidth increased during the needle passing (extensor digitorum) and suture tying
(flexor carpi radialis) tasks POST-training compared to PRE-training. Furthermore during
the suture tying task, EMG bandwidth for the biceps brachii increased POST-training for
the training group and decreased POST-training for the control group compared to PREtraining. These results suggest that subjects recruited a larger range of motor units with
varying conduction velocities with training.
However, the bimanual carrying task had no significant changes in EMG
bandwidth. Because the bimanual carrying task requires more simplistic movements, as
compared with the more complex needle passing and suture tying tasks are more
complex, the larger range of conduction velocities may be associated with more complex
movements. It is possible that different motor units are recruited during different phases
of the task depending on the precision needed for each phase. For example, looping the
suture during the suture tying task may recruit different motor units than pulling the
suture taught to finish the knot. Further analyses of the phases of the tasks are necessary
to confirm this hypothesis and identify proper training tasks.
The findings also showed that when a significant difference in median frequency
or bandwidth was found, it occurred in muscles that would predominately be used for the
given task. During the bimanual carrying task, median frequency increased for the
muscles used for grasping (flexor carpi radialis) and arm movements (biceps brachii and
triceps brachii). Likewise, the median frequency for the flexor carpi radialis increased
POST-training during the suture tying task, a grasping intensive task. Although care was

taken to minimize electrode placement, future studies will monitor muscle responses over
a single session to confirm changes in median frequency are due to reduced muscle
fatigue and not other factors.
Bandwidth increases were found after training for the extensor digitorum during
the needle passing task and for the flexor carpi radialis and biceps brachii during the
suture tying task. For the needle passing task, a “hooking” motion is used to pass the
needle through the latex tube, requiring more precise control of the fingers. Therefore, it
is possible that different motor units may be recruited in the extensor digitorum to control
the movement. The suture tying task requires fine control of grasping as well as looping
the suture for tying the knot. Therefore, it would be expected to find bandwidth increases
for the flexor carpi radialis and biceps brachii. It is worth mentioning here that such detail
in the examination of the different surgical tasks and the muscles involved will not be
possible without the acquisition of physiological measures and specifically
electromyography. This verifies the need for future studies using our methodology to
further establish learning and proficiency criteria during robotic surgical performance.
In conclusion, surgical training increased the median frequency response as a
result of increased speed and/or reduced fatigue during each task. These increases
occurred predominantly in muscles that were the dominant muscles for each task.
Additionally, the more demanding task recruited more diverse motor units as revealed by
increases in bandwidth post-training. It is evident that an evaluation of the physiological
demands of robotic laparoscopic surgery using electromyography can provide us with a
meaningful quantitative way to examine performance and skill acquisition. In our future
work we plan to include a group of expert surgeons and more realistic tasks (i.e. data

collection during actual robotic laparoscopy) to further understand the physiological
demands of robotic surgery. We also propose that future studies should record EMG
from both arms simultaneously to directly determine bimanual coordination.
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